The objective of this research was to better understand the role of mixing and viscosity in rapid volume expansion (RVE) due to gas holdup in anaerobic digesters. Most RVE research has focused on the absence of mixing, which is the worst-case scenario for anaerobic digestion facilities; however, comparatively little work has investigated the effects of different mixing intensities on RVE. To prevent the retention of biogas bubbles in suspension, commonly known as gas holdup, bubbles must rise through digester contents and evolve into the headspace of the digester at a rate equivalent to the nucleation and growth of biogas bubbles. As bubble rise velocity slows, the rate at which bubbles are nucleating and growing will exceed the rate at which they are evolving into the headspace. This will lead to a larger overall volume of biogas retained in suspension resulting in gas holdup and RVE. Due to the shear thinning and non-Newtonian behavior of digester contents, the extent of RVE should decrease as mixing increases because, assuming bubble rise velocity can be modeled using Stoke's Law, an increase in mixing will lead to a decrease in viscosity and increase in bubble rise velocity. To assess this hypothesis, this study considered two different digester samples with RVE tests conducted at different mixing intensities. As expected, volume expansion decreased as mixing intensity increased with a good linear correlation between viscosity and volume expansion. This work can be applied to identify a 'critical' shear rate at which volume expansion begins to occur for designing systems that effectively prevent RVE and ensure proper, adequate mixing.
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PROJECT OVERVIEW AND OBJECTIVES
Volume expansion in anaerobic digesters is a common and well-documented problem that has complicated operations and contributed to reduced production and even digester damage (Ganidi et al., 2009 ). Previously, volume expansion was commonly attributed to "foaming," a frothy layer that can form on top of digester contents; however, Chapman and Krugel (2011) proposed an alternative explanation suggesting that for some volume expansion events, the root cause was not "foaming" but rather "rapid volume expansion" (RVE) due to gas holdup.
During volume expansion, biogas bubbles will nucleate and remain in suspension instead of rising to the surface, resulting in gas holdup. As bubbles continue to grow, their growth contributes to an increase in digestate volume, causing RVE (Chapman and Krugel 2011) . Since the introduction of RVE, a more comprehensive understanding has developed and been successfully applied to mitigate RVE events in various facilities (Higgins et al. 2014 , Bartek et al. 2015 .
As demonstrated by Higgins et al. (2014) , gas holdup occurs predominantly under low or no mixing conditions due to the non-Newtonian behavior of digester solids. When mixing was stopped in laboratory experiments, reduced gas production rates and increased digester volume were recorded, suggesting bubbles were being retained in suspension. As expected, when mixing was restored, there was a sudden release of gas and decrease in digester volume. This observation can be explained by observing the rheological properties of digester contents, specifically, viscosity and yield stress.
Considering the results from Higgins et al. (2014) , Bartek et al. (2015) theorized that gas holdup and volume expansion should be most severe in the absence of mixing as digester solids behave like a solid instead of a fluid. As a solid, digest contents exhibit a yield stress that must be overcome before movement occurs and bubbles can begin to rise. According to Bartek et al. (2015) , bubbles must generate a buoyant force that exceeds the yield stress of the digester contents in order to begin rising. Once the yield stress is overcome, bubbles will begin to rise, releasing the held-up volume of gas, causing rapid volume expansion to collapse.
Using this foundational concept, Bartek et al. (2016) developed a simple mechanistic model to predict the extent and duration of a RVE event based on the yield stress and gas production rates of a digester in the absence of mixing. The model was fit to 11 different data sets and was proven effective in predicting the progression of, maximum extent of, and time until maximum RVE in the absence of mixing.
The bulk of RVE research up to this point has been focused on the absence of mixing, which is the worst-case scenario for anaerobic digestion facilities. While this provides a baseline for the maximum extent of expansion and can guide the development and design of emergency overflow systems for full-scale facilities, this does not address volume expansion that can occur due to inadequate or improper mixing. Specifically, Higgins et al. (2014) demonstrated that RVE can occur can occur even under low mixing conditions, potentially from poorly designed mixing systems and the non-Newtonian behavior of digester solids.
The goals of this research were to better understand the role of mixing in RVE due to gas holdup in anaerobic digesters. This knowledge can then be utilized to identify operating conditions for utilities that will minimize the risks of RVE and prevent either overmixing or undermixing a digester.
RHEOLOGY HYPOTHESIS
As microbes perform their metabolic processes, they release biogas that nucleates in the form of bubbles. These bubbles then rise through digester contents before breaking the liquid surface and evolving into the headspace of the digester. To prevent the holdup of biogas and consequently RVE, the rate at which bubbles are rising and being released into the headspace of the digester must be equal to the rate at which biogas bubbles are nucleating and growing in the reactor; otherwise, biogas bubbles will remain in suspension and continue to grow. This will lead to a larger overall volume of biogas being retained in suspension and cause the digester volume to expand.
As explained by Higgins et al (2014) , the shear thinning behavior of digester contents provides insight regarding bubble rise velocity and the extent of RVE. Unlike Newtonian fluids that exhibit a constant shear stress regardless of shear rate, digester solids exhibit a shear thinning behavior such that when shear rate increases, viscosity decreases and vice versa, as shown in Figure 1 . Since bubble rise velocity is a function of the solutions viscosity (such as with Stoke's Law-shown in Figure 1 ), bubble rise velocity will decrease when viscosity increases, leading to gas holdup and RVE. In other words, as mixing decreases, viscosity increases, and the time for a bubble to rise to the surface increases because its rise velocity decreases. This means that the bubbles will remain in suspension longer leading to more gas holdup and greater volume expansion. As such, the extent of volume expansion should increase as mixing intensity decreases. Due to the non-Newtonian and shear-thinning behavior of digester contents, we hypothesized that as mixing increased and viscosity decreased, there would be a decrease in the degree of maximum volume expansion. Alternatively, as mixing decreased and viscosity increased, there would be a greater degree of volume expansion.
METHODS AND MATERIALS
The methods and materials in this study are identical to those used by Higgins et al. (2014) , Bartek et al. (2015) , and Bartek et al. (2016) . For this study, only the 10-liter lab scale digesters made of see-through acrylic were used.
The 10 L reactors were part of other, ongoing studies, such that they were maintained and monitored daily. After the addition of inoculum, the reactors were sealed and the headspace was a connected to a respirometer to measure gas production data. Batch feeding and wasting were conducted daily through an inlet tube at the top of the digester and an outlet tube near the bottom of the reactor respectively. Mixing was provided to the reactor via a paddle and a mountable motor that was adjustable such that the mixing intensity could be changed. During testing, the reactor was fed and allowed to mix at its operating speed, 150 rotations per minute (rpm), for approximately 30 minutes to allow the feed to be dispersed throughout the reactor volume. Then, the mixing was decreased to the testing speed, typically in the range of 2-40 rpm. Different mixing speeds were tested on separate occasions, not in a continuous manner. Immediately after adjusting the mixing, the initial height of digester contents was marked on the reactor and the change in height was measured over time until contents reached a maximum height. During this time, gas production was also continuously monitored to observe the relationship between gas production and RVE. A picture of this experimental setup is shown in Figure 2 . As mentioned, the height of the digester contents over time was measured and RVE was then expressed as a percent of the original volume. The length of each test varied from sample to sample as the tests were conducted until the sample reached its peak volume expansion maintained a constant, steady-state extent of volume expansion. Eventually, the volume expansion would be collapsed or mixing would be restored and the volume expansion would be alleviated.
After each test, a sample of wasted digester contents was collected to assess various rheological properties using a viscometer (Brookfield DV-II +Pro). The data from the viscometer was collected on a computer using Rheocalc 32, a program that continuously records information regarding the viscosity, shear stress, and temperature of the sample at incremental shear rates from 0 to 25 /sec.
The results from the viscometer were then input to Kaleidagraph to fit the Ostwald-de Waele power relationship to the results to generate an equation to represent the viscosity of each sample. This relationship is represented by the following equation:
where: µ is dynamic viscosity (Pa-s), K is flow consistency index (mPa-s n ), G is the mixing intensity (1/sec), and n is the flow behavior index (unitless).
To determine the resultant mixing intensity under a particular mixing regime, Equation 1 was rearranged to solve directly for G. Then Equation 1 was equated to Equation 2 and different values for the viscosity of the sample were iterated, using the Solver function in Excel, to determine a value that satisfied both Equation 1 and Equation 2. This value was then plugged into Equation 2 to determine G. Equation 3 was used to calculate the power imparted on the fluid, an input for Equation 2.
where: P is the power imparted on the fluid (watts), KL is a impeller constant, µ is dynamic viscosity (Pa-s), n is revolutions per second (rev/s), and DI is the diameter of the impeller (m)
RESULTS AND DISCUSSIONS
To assess the relationship between mixing, viscosity, and RVE, experiments were conducted on two different samples at various mixing speeds ranging from 5 to 50 RPM. For Sample 1, experiments were conducted at 2, 5, 10, and 25 RPM. Meanwhile, for Sample 2, experiments were conducted at 10, 20, 30, and 40 RPM. The viscosity profiles for each sample are shown in Figure  3 . An overview of the parameters of each sample is provided in Table 1 . As mentioned, using the equation generated by Kaleidagraph for the viscosity of the digester sample in addition to the formula to calculate G using the power imparted on a fluid, we were able to solve for G, velocity gradient or mixing intensity (1/s). Since the viscosity of digester contents changes with mixing intensity, this approach is necessary as calculating the power imparted on a fluid isn't a straightforward calculation as is the case when designing systems for water treatment. Using this data, we were then able to express the motor speed (RPM) of each test in terms of G and determine the viscosity of the digester contents during each trial. Based on Stoke's law, the amount of volume expansion measured should increase as mixing decreases and viscosity increases. The amount of volume expansion measured is compared to the viscosity and G for As hypothesized, there is a clear, linear relationship between viscosity and the extent of rapid volume expansion. For both Samples 1 and 2, as mixing decreases and viscosity increases, the maximum amount of volume expansion also increases. The progression of each rapid volume expansion event, for which the maximum degrees of expansion are represented in the above Figures, can be found below in Figures 8 and 9 for Samples 1 and 2 respectively. The progression of rapid volume expansion in the absence of mixing has been provided for reference. 
CONCLUSIONS
The results from this work show that RVE due to gas holdup is directly associated with the mixing intensity of a digester as mixing affects the rheological properties of digester contents. Specifically, assuming bubble rise velocity can be modeled using Stoke's Law, as mixing increases in a digester, viscosity decreases, and the bubble rise velocity increases. This leads to less gas holdup and less rapid volume expansion. As hypothesized, volume expansion decreased as mixing intensity increased. A good linear relationship between viscosity and RVE was proven and the relationship between the extent of RVE and mixing intensity appears to resemble that of mixing intensity and viscosity. Further work will include utilizing this information to design mixing systems for digesters that will minimize the risk of gas holdup and RVE by identifying a critical shear rate at which RVE will begin to occur. Ensuring mixing systems provide ample energy to achieve this minimum shear rate will prevent gas holdup and RVE. Further, this information will hopefully be integrated into the model developed by Bartek et al. (2016) to better understand the relationship between mixing, viscosity, and RVE .
